The influences of microstructure and specimen size on creep properties of Sn-37Pb and Sn-3.5Ag solders were investigated by nano-indentation tests and tensile creep tests for fine wire solders. The nano-indentation tests enabled us to measure the indentation creep properties of the specific microstructures individually. Tensile creep experiments were performed on our original creep testing machine for fine wire solders with the diameters of 0.2, 0.5 and 1.0 mm. For the Sn-37Pb solder, the creep deformation properties were uniform for both α and β phases and grain boundary sliding was the dominating creep mechanism. For the Sn-3.5Ag solder, creep deformations of α phase were observed under much smaller stress levels than those for (α+ε) phase, and thus the creep deformations occurred only in α phase, which resulted in the nucleation of microvoids around the ε phase. The tensile creep tests for wire solders revealed that the significance of specimen size on the creep properties is strongly influenced by the microstructure of the solders.
Introduction
Recent surge for light weight and high performance requirements for electronic devices caused severe thermal conditions for solder joints on the electronic circuit base. Because of the environmental problem of lead, various lead-free solders has been developed and used for the solder joints. The service temperatures exceed the recrystallization temperature of the solders and develop creep deformations and changes in microstructure. Thus, it should be important to clarify creep characteristics in relation to the microstructure. The authors have proposed indentation method to predict mechanical properties including creep of solders (1) (2) . Expansion of the method to nano-indentation tests enables us to predict local mechanical properties for specific phases of microstructures of solders, and is expected to perform microstructural evaluation of solder joints more in detail.
In general, experiments for creep properties of solders have utilized standard specimens with the diameters about 10 mm (3) , while the sizes of in-service solder joints are much smaller, typically less than 100 µm. Since exposure to high temperature tends to enlarge specific size of microstructures, the size may increase up to that of the solder joints. Therefore, it would be expected that the creep properties measured by the standard specimens might be different from those of small scale solder joints, and the size effect of the creep properties should be clarified. Takada et al. (4) (5) and Kariya et al. (6) investigated the size effect using miniature round bar specimens made by machining, which would be very difficult to prepare. However, it was insufficient to clarify the important relationships between the size effect and the microstructure (6) .
In the present study, creep testing machine was developed in house to utilize commercial fine solder wires as creep specimens in order to investigate the size effect and the contributions of the microstructure for both lead and lead-free solders. Nano-indentation test was applied for the analysis correlating mechanical properties and the microstructure. The results revealed the effects of the size and the microstructure on the creep properties of solders.
Microscopic Creep Properties

Materials and experimental procedures
The materials used were Sn-37Pb and Sn-3.5Ag solders produced by Nihon Handa Co., Ltd. Chemical compositions are presented in Table 1 . The Sn-37Pb and Sn-3.5Ag solders were melted at 556 K and 594 K, respectively, and cast into a mold to make column ingot with the diameter of 15 mm and the length of 200 mm. The ingot was cut and machined to specimens with the diameter of 10 mm and the length of 10 mm. Heat treatments were performed to stabilize the microstructures for 1 hour at 393 K and 433 K for Sn-37Pb and Sn-3.5Ag, respectively (3) . The specimen surfaces were polished by emery papers up to #2000 and then by buffing, and finished by electro-polishing using a solution, which consists of 8% perchloric acid, 10% butoxyethanol, 70% ethanol and 12% distilled water at 273 K with the voltage of 20 ~ 25 V for 5 seconds. Optical micrographs of the finished specimen surfaces exhibited microstructures as shown in Fig.1 . Sn-37Pb solder has a eutectic microstructure with bright α phase (Sn-rich) and dark β phase (Pb-rich). Sn-3.5Ag includes bright α phase (Sn-rich) and dark (α+ε) phase where the ε phase (Ag 3 Sn) is an intermetallic compound. Indentation tests were performed by nanoscopic surface inspector (SPH-1, Shimadzu Co.) using Berkovich indenter with the angle of 115 degrees, measuring the relationships between test force, F, and the indentation depth, h. Loading and unloading were performed at the rates of 12.5 and 25 µN/s for Sn-37Pb and Sn-3.5Ag solders, respectively. Maximum F values, i.e. 500 µN (Sn-37Pb) and 1000 µN (Sn-3.5Ag), were maintained for 120 s in order to investigate the creep properties. Figure 2 presents sufficiently smaller than the specific microstructural size. Therefore, it might be possible to determine the mechanical properties of the individual phases. Figure 3 shows F-h curves obtained by the indentation tests at room temperature. For the Sn-37Pb, F-h curves for α and β phases were similar, while for the Sn-3.5Ag, F-h curves for α and (α+ε) phases exhibited significant difference. Since the solders show creep deformation even at the room temperature, the h value increased under the load holding condition with constant F value. Creep properties were determined by the variations of h with time, t, under the load holding conditions (1) (2) . Assuming that the creep deformation is small under the loading process, Vickers hardness, HV, was determined by the h value just after the holding condition began. The HV values and the indentation creep characteristics , where the sizes of the dents are more than a few hundreds of µm, and thus the data reflect bulk properties of the solders. HV and creep properties of the α and β phases were similar to those of bulk tests for Sn-37Pb, while for Sn-3.5Ag, α phase was softer and (α+ε) phase was harder than those of bulk tests.
Experimental results
Creep Properties of Thin Wire
Materials and experimental procedures
The thin wires tested were Sn-37Pb and Sn-3.5Ag solders with the diameters of 0.2, 0.5 and 1.0 mm processed by wire drawing. Chemical compositions are presented in Table 1 . These wire solders were commercially available from Tanaka Denshi Kogyo K.K. for Sn-37Pb with 0.2 mm diameter and from Nihon Handa co., Ltd for the other wire solders. Figure 6 (a) and (b) show the microstructures of the Sn-37Pb wire, which represented very different appearances from those for cast solders presented in Fig. 1 due to the wire drawing process. Annealing treatments were performed at 398 K in order to stabilize the microstructure. They resulted in larger grain size. Microstructural appearances became similar to that presented in Fig.6 (b) by the annealing treatments for 48 h for the wire solders with the diameters of 0.5 and 1.0 mm. While for the 0.2 mm diameter, similar microstructure was obtained by the annealing for 1 h. These specimens were regarded as having no effect of wire drawing. Figure 6 (c) and (d) represent the microstructures of Sn-3.5Ag. They consist of (α+ε) eutectic phase without the α phase observed in Fig.1 (b) . Although the microstructures did not change by the annealing at 433 K for 1 h and 48 h, these heat treatments were applied for creep specimens. Indentation stress σ i , MPa Indentation strain rate
F=1000µN
}
Creep tests for the wire solders were performed on a tensile testing machine shown in Fig. 7 developed in house. Both ends of the specimens, i.e. wire solders, were attached to the movable supports placed on a linear guide rail. Load cell with the capacity of 20 N was attached at an end of the specimen. The other end was fixed directly to the movable support, which was pulled by a stepping motor. These moving supports were connected each other by a steel wire through a pulley on a fixed support, and thus they moved about the same amount to the opposite direction. The load signals were transferred to the PC in terms of AD converter and used for feedback signals of the stepping motor. The tests were performed under load, P, control with the accuracy within 5 %. Electric furnace was equipped between the moving supports. Constant temperature was confirmed on the atmosphere in the range of 50 mm around the central part of the specimen. Deformations of the specimens were measured by image processing, where the specimen appearances were observed from the window of the furnace by a video camera. The image was transferred to PC and the markings on the specimen were traced by image processing software in house. Resolution of the system is about 5 µm. Figure 8 shows variations of true strain, ε, and true strain rate, ε , on the testing time, t, in the creep tests. Nominal stresses, σ n , of the tests were 5 and 12 MPa for Sn-37Pb and Sn-3.5Ag, respectively. Elongations at fracture were considerably different for the solders. The values are listed in Table 2 , where the elongation decreased with increasing σ n for Sn-37Pb. For both solders, first creep behavior is not recognized, while the second and third creep behaviors are clearly observed. The third creep behavior is attributed to the increase in true stress, σ, due to the decrease in cross section of the specimen. Similar characteristics were observed for the other specimens tested under different stress conditions.
Results
The relationships between the minimum value of ε and σ n are compared with those for bulk specimens in the literature (4)(7) and shown in Figs. 9 ~ 11, where the test temperature of bulk specimen for Sn-37Pb is higher by 10 K than that for wire solder. Norton's law expressed by the following equation stands for all the cases. A and n are the creep constant and the creep exponent, respectively. As shown in Fig.9 , ε decreased and n increased slightly with increasing the heat treatment time for the Sn-37Pb.
While for the Sn-3.5Ag in Fig.10 , ε increased slightly and the change in n was obscure. Figure 11 demonstrates the effect of specimen size for the specimens heat treated for 48 h, which may have the least influence of wire drawing. For the Sn-37Pb, the results for the thin wire and the bulk specimens coincided except that the n value is smaller for the thin Heat treatment wire. For the Sn-3.5Ag, ε and n values of the thin wires were larger than those of bulk specimens. Therefore, the size effect for these solders is apparently different. Figure 12 presents scanning electron micrographs of the side surface of creep ruptured specimens with the diameter of 0.5 mm heat treated for 48 h. σ n values were 10 and 18 MPa for Sn-37Pb and Sn-3.5Ag, respectively. Grain boundary cracks are observed in Sn-37Pb, while inter-granular voids in Sn-3.5Ag.
Discussion
Microscopic investigations of creep properties suggested significant difference in creep deformation mechanisms of Sn-37Pb and Sn-3.5Ag. For Sn-37Pb, creep properties of α and β phases were similar to each other and to the bulk properties. Thus, the creep deformation may take place in both phases. On the contrary for Sn-3.5Ag, creep deformation of α phase occurred at smaller stress level compared with those of (α+ε) phase, which suggests that the creep deformation may take place only in α phase. The ε phase, i.e. Sn 3 Ag, plays a role of deformation resistance for creep.
Microstructures of thin wire solders (Fig.6) were different from those of cast specimens (Fig.1) . However, the elements of the microstructure, or the phases, are the same, which results in the same creep deformation mechanisms for the thin wire and the cast specimen. Those mechanisms resulted in the creep deformation behavior and the appearances of creep fractured specimens represented in Figs. 8 and 12 , respectively. For the Sn-37Pb, creep φ=0.5mm φ=1.0mm
deformations over 100 % were attributed to the mechanism of grain boundary sliding, which was confirmed by the microcracks at grain boundaries shown in Fig.12 . For the Sn-3.5Ag, creep damage concentrates in the α phase surrounding ε phase, i.e. Sn 3 Ag, which has no creep deformation. Therefore, micro-voids may initiate there, coalesce each other and lead creep fracture at strain levels of 10 ~ 20%. The third creep behavior observed in Fig. 8(b) is attributed to the initiations and coalescences of the micro-voids. For Sn-37Pb, the difference in creep properties of thin wire and bulk specimen is due to the effects of wire drawing process and the sizes. As demonstrated in Figs. 9 and 10, the former effect increased the creep strain rate and reduced the creep exponent, simultaneously. These effects tended to be reduced by heat treatment at the Kelvin temperature of 87% of the melting point. As demonstrated in Fig. 11(a) , the effect of wire drawing and the size effect disappeared with the heat treatment for 48 h. However, the creep exponents of the thin wire solder is smaller than those of bulk specimens.
For Sn-3.5Ag, creep strain rates for thin wire solders were significantly higher than those for bulk specimens. The strain rates for the wire with 0.5 mm diameter were slightly smaller than those with 1.0 mm diameter. As shown in Fig. 11(b) , these trends can not reduced by the heat treatment. Therefore, it is not apparent whether the behavior is attributed to the size effect or the wire drawing process.
Based on the above discussion, the size effect on creep properties of Sn-37Pb and Sn-3.5Ag solders are significantly influenced by wire drawing process, whose contributions depend strongly on the microstructures and creep mechanism of the solders. By means of the experimental procedures of the present work, it was impossible to evaluate the pure size effect which is important for practice. However, solder joints of electric circuits are subjected to cyclic thermal stresses in service conditions and their microstructures may change successively. Therefore, it is concluded that creep properties should be evaluated by the indentation method on the section of in-service solder joints from the practical point of view.
Conclusions
The present study performed nano-indentation tests and tensile creep tests for fine wire solders for Sn-37Pb and Sn-3.5Ag. The results are summarized as follows;
(1) For the Sn-37Pb solder, the creep deformation properties were uniform for both α and β phases and grain boundary sliding was the dominating creep mechanism. For the Sn-3.5Ag solder, creep deformations of α phase were observed under much smaller stress levels than those for (α+ε) phase, and thus the creep deformations occurred only in α phase, which resulted in the nucleation of microvoids around the ε phase.
(2) The tensile creep tests for wire solders revealed that the creep properties are strongly influenced by the microstructure of the solders developed by the thin wire drawing process. With increasing the influence of the processing, creep strain rates tend to increase for Sn-37Pb and decrease for Sn-3.5Ag under the given stress levels. (3) Size effect for creep properties depended strongly on the solders as well as their microstructures. This work was partially supported by a Grant-in-Aid for the 21st COE Program from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of the Japanese Government.
